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Parallel transport quantum logic gates with trapped ions 
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We demonstrate single-qubit operations by transporting a beryllium ion with a controlled ve¬ 
locity through a stationary laser beam. We use these to perform coherent sequences of quantum 
operations, and to perform parallel quantum logic gates on two ions in different processing zones 
of a multiplexed ion trap chip using a single recycled laser beam. For the latter, we demonstrate 
individually addressed single-qubit gates by local control of the speed of each ion. The fidelities we 
observe are consistent with operations performed using standard methods involving static ions and 
pulsed laser fields. This work therefore provides a path to scalable ion trap quantum computing 
with reduced requirements on the optical control complexity. 


A quantum computer will require large numbers of op¬ 
erations to be performed in parallel m which should 
be achieved with as little technical overhead as possible. 
For trapped ions, operations are commonly performed 
using optical and microwave fields. Optical fields pro¬ 
vide relatively simple ion addressing and increased field 
gradients, allowing for fast and high-fidelity single and 
multi-qubit operations However, laser beam con¬ 

trol typically involves the use of bulky acousto-optic de¬ 
vices to switch fields on and off, with pulse timing de¬ 
pendent on the intensity of the light reaching the ion. In 
order to implement parallel operations on multiple ions 
across a large-scale processor, the use of a single modu¬ 
lator would require that the intensities at each ion differ 
by less than 1% for an error-per-gate of 10“"^. This ap¬ 
pears challenging to achieve across a large-scale device. 
An alternative approach is to make the ion experience 
a pulse of light by transporting it through a static laser 
beam [7]. This has the advantage that the light need 
not be actively controlled, and the necessary control of 
the gate parameters can be integrated into the control of 
analog voltages applied to the trap electrodes. Since the 
control of the ion transport is local, different intensities 
of the light at different regions can be tolerated with no 
intrinsic loss in gate fidelity, by moving the respective 
ions at different speeds. Shuttling of ions is a key ingre¬ 
dient in one of the most promising schemes for scaling up 
trapped-ion quantum computing [HHin]- 

In this Letter, we demonstrate trapped-ion quantum 
gates by transporting ions through static laser beams. 
We apply time-varying electric potentials to 30 electrodes 
in a multi-zone segmented ion trap, continuously con¬ 
trolling the velocity of the potential well confining the 
ion. We use this to demonstrate single-qubit Rabi oscil¬ 
lations, a Ramsey sequence, and the ability to perform 
individually-addressed gates in parallel at different loca¬ 
tions of the processor using a single recycled laser beam. 
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We find the fidelities to be comparable to the perfor¬ 
mance of standard static gates in our system. 

We work with qubits stored in the hyperhne levels of 
the ^Si /2 ground state of beryllium ions. Working at 
a magnetic field of 11.945 mT, the jE = l,mF = 1)0 
\F = 2, rriF = 0) transition energy has zero first-order de¬ 
pendence on the magnetic field, making this an excel¬ 
lent memory qubit, which is robust against spatial mag¬ 
netic field variations during transport m- Each exper¬ 
imental run starts with cooling all motional modes of 
the ion close to the Doppler limit. Preparing the ion 
in \F = l,mF = 1) state is achieved by optical pump¬ 
ing to \F = 2,mF = 2) followed by a resonant stimu¬ 
lated Raman transition pulse (labelled as ttfdq in the 
figures) which coherently transfers the population to 
|F=1 ,tof = 1) (referred to as |t) in the text). All 
the coherent operations used in this experiment are per¬ 
formed using co-propagating Raman beams, using a laser 
red-detuned by «230 GHz from the ^S' 1/2 ^ ‘^Pi /2 tran¬ 
sition [12]. For the transport gates, we shuttle the 
ion between two different regions of the trap, passing 
through the laser beams during the transport. Fol¬ 
lowing the quantum logic gate, we read out the qubit 
state by first performing two coherent Raman transfer 
pulses, the first of which (labelled as TTpis in the fig¬ 
ures) shelves the population from state \F = 2,mF = 0) 
to |F = l,7nF = —1) for improving the readout fidelity 
[inidi, while the second transfers the population from 
|F = 1,771^ = 1) to |F = 2 ,tof = 2). Subsequent read¬ 
out of the quantum state is performed by state-dependent 
fluorescence applied to the |F = 2, = 2) o 

^^ 3/2 1^^ = 3,771^' = 3) cycling transition jS] (TT). We 
transport ions by applying time-dependent potentials to 
the trap electrodes, which are generated using a home- 
built 16-channel arbitrary waveform generator (AWG). 
We calculate the required waveforms using a constrained 
optimization method, allowing control of multiple poten¬ 
tial wells with constrained position, curvature and depth 
simultaneously. 

For initial experiments with a single ion, we prepare 
and read out the state in zone B (Fig. The trans¬ 
port gate is implemented by first transporting the ion 
to zone S, which is outside the intensity profile of the 
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FIG. 1: a. Image of the different trap zones along the trans¬ 
port axis 2 . b. The Rabi oscillation experiment is carried out 
using operations occurring in numerical order from i) to v). 
The use of the two coherent transfer pulses (labelled as ttfdq 
and TTpis) is described in the text. c. The pulse sequence used 
to probe Rabi oscillations. The qubit beam is rapidly switched 
off at a time toff during the transport in order to probe the 
dynamics of the spin. d. Rabi oscillations as a function of toff 
for an ion transported through a two-frequency Raman laser 
beam pair. The fitted curve follows the theoretical prediction 
from Eq. Q, which assumes a Gaussian beam prohle. Each 
data point represents the average of 350 repeats of the exper¬ 
imental sequence. Here and in the rest of the paper, error 
bars are estimated assuming quantum projection noise. 


laser beams used to perform the logic gate (Figs. and 
c). We then turn on the gate Raman beam pair, which 
crosses the trap axis near the center of zone B, with the 
beams making an angle of 45 degrees to the trap axis. 
We subsequently transport the ion from zone S to zone 
E, passing through zone B. All transport sequences are 
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FIG. 2: a. The Ramsey sequence involves steps i) to vii). 
b. The pulse sequence used for the Ramsey experiment. We 
concatenate two transport 7r/2 gates in which the phase of 
the laser during the second gate is shifted by 0 relative to 
the first. In this case, the qubit beams remain on until the 
ion has passed through to zone E. c. Experimental results 
for a Ramsey experiment. The phase is scanned using a 
shift in the relative phase of the two Raman beams applied 
with an acousto-optic modulator. The contrast of the oscil¬ 
lations obtained from the fit is 0.985 ± 0.004. For compari¬ 
son, the plotted horizontal dashed lines indicate the maximum 
and minimum of Rabi oscillations performed using standard 
static-ion gates. Each data point is the average of 600 repeats 
of the experimental sequence. 


adiabatic, and thus the ion position closely follows the 
potential well minimum [mns]. We aim to achieve a 
constant velocity during transport, but have observed in 
separate experiments with calcium ions that this is not 
achieved due to an interplay between the outputs of our 
AWG and passive noise filters which connect these to the 
ion trap m- Nevertheless, by tuning the velocity we are 
able to control the gate operation performed on the ions. 

The Rabi oscillations shown in Fig. are obtained by 
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recording the population of |t) as a function of the transit 
time through the beam. This is achieved by switching off 
the laser beams rapidly during the transport. For an ion 
transported at a constant velocity v through a Gaussian 
beam profile with waist wq and a peak Raman transition 
Rabi frequency flo, the probability to find the ion in the 
It) state as a function of time is given by [7] 

= cos^(C(t)/2), CW = fit,to) (1) 

with f{t,to) = erf(xto)-erf(x(to-t)) and x = v/V2wo. 
The parameter to accounts for the time at which the ion 
transits the beam. We fit the data with a form similar 
to Eq. Q but including offset and amplitude param¬ 
eters which account for imperfections in state prepara¬ 
tion, readout and the Rabi oscillation itself. We obtain 
f2o/(27r) = 5.669±0.001 kHz and x = 7753±23 s"!. Us¬ 
ing the relationship between velocity v and beam waist ujq 
given in Eq. Q , we use an independently measured beam 
waist to deduce a transport velocity of 0.62 ±0.05 ms“^. 
To further improve the quality of the fit, Eq. Q could be 
modified to take into account changes in the ion velocity 
during transport, and the deviations of the intensity of 
the laser beams from an ideal Gaussian HZ]. 

Having verified the dynamics, we calibrate the laser 
intensity and the ion velocity in order to apply a sin¬ 
gle qubit rotation R{'k/2), where R{6) = cos(0/2)/ — 
f sin(0/2)(T2,. This requires a velocity of ~7 ms“^. Us¬ 
ing two sequential transports (Figs. and b), we per¬ 
form a sequence of two gates on the ion, implementing 
a Ramsey experiment. Both gates produce the rotation 
R{'k/2), however we shift the relative phase of the two 
Raman beams before applying the second transport gate. 
A scan of this phase is shown in Fig. which we fit with 
a sinusoid to obtain an amplitude of 0.985 ± 0.004. This 
is consistent with the amplitude we observe for Rabi os¬ 
cillations performed with a static ion and pulsed laser 
fields. The second Ramsey pulse could also have been 
performed during the transport occuring at step iv) in 
Fig. [2}r, which we think would have a negligible impact 
on the fidelity. We chose to apply the gate instead in 
step v) for experimental simplicity. 

Figure shows a second set of experiments in which 
we work with two ions in parallel. To do this, we shift 
the Raman beams to pass through the trap in zone B1 
(600 pm away from the trap center), and then reflect 
these laser fields back through the vacuum setup to pass 
through a focus close to the axis of the trap in zone B2. 
The experimental sequence of operations is shown in Fig. 

Preparation and measurement steps are performed 
sequentially for the two ions using the same methods as 
in the single ion experiments. For the transport gate 
operation, Ion 1 is transported from zone SI to zone El 
passing through the beams centered at Bl, while Ion 2 is 
transported from zone S2 to zone E2 through the beams 
centered at B2. Readout is then performed sequentially. 
Data for two different transport velocities of Ion 2 are 
shown in Fig. resulting in a Riir) or R{'k/2) pulse 
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FIG. 3: For work on parallel gates, the steps i) through 
to xiii) are carried out sequentially. Optical pumping to 
\F = 2,mF =2) and state detection are performed sequen¬ 
tially in the experimental zone using pulsed operations, which 
are also used for coherent transfer pulses (ttfdq and ttpis) in 
the separated zones. The transport gates are applied simul¬ 
taneously, by passing the ions through qubit beams located 
at ± 600 jj,m from the trap center. 


being implemented. The transport velocity of Ion I is 
calibrated to be 10.7 ms“^ to produce a R{n) rotation 
and remains the same for both data sets. For Ion 2, the 
velocity is calibrated to either produce R{tt) (requiring 
V « 4.7 ms“^) or R{'k/2) (requiring v ~ 8.9 ms“^). We 
fit the data with a function of the form |(a + 6erf(s(t — 
+))), where a is the offset, b is the amplitude, s is the 
steepness and + is the time shift of the error function. 
We obtain b = 0.978 ± 0.002 for the i?(7r) rotations for 
Ion 1 (blue traces in Figs. and Ep)- For Ion 2, we 
obtain b = 0.986 + 0.002 for the Rin) rotation and a final 
population of 0.502 ± 0.004 for the R{tt/2) rotation (red 
traces in Figs. ^ an d^). These results demonstrate the 
individual addressing capability in the transport gates 
while simultaneously performing operations with a single 
pair of Raman laser beams. 

In the experiments performed above, the Raman laser 
beams are reflected back into the trap after passing out 
of the vacuum system. This produces two significant ef¬ 
fects. Firstly there is a loss in optical power due to im¬ 
perfect transmission of the vacuum windows and other 
optical components. Secondly, we observe an increase of 
the beam size in B2 relative to Bl. Experimentally we 
measure the waist diameter of the beam in Bl to be 73 ± 
2 pm and a peak Rabi frequency of 27r x (47.9 + 0.5 kHz) 
while the retro-reflected beams in B2 have a waist di¬ 
ameter of 160 ± 4 pm and a peak Rabi frequency of 

































4 




(/iS) Detuning (MHz) 

FIG. 4: a, b. Time scans for the simultaneous rotation of 
Ion 1 (blue) and Ion 2 (red) with two different velocities for 
Ion 2 resulting in a rotation R{n) in a and R{tt/2) in b re¬ 
spectively. The dashed horizontal lines indicate the maximum 
and minimum of Rabi oscillations performed using static-ion 
gates. Corresponding scans of the difference frequency of the 
Raman lasers with tos > 150 fis are shown in c, d., which 
we fit with Gaussian functions. Vertical dashed lines indicate 
the centre of the fit to the blue data points. Each data point 
is the average of 250 repeats of the experimental sequence. 

27 r X (16.1 ±0.5 kHz). The significant difference in inten¬ 
sities leads to a differential AC Stark shift between the 
two ions which we measure using static Rabi oscillations 
to be 1.3 ± 0.2 kHz, agreeing with the theoretical calcu¬ 
lation m- By tuning the difference frequency of the Ra¬ 
man light fields close to the resonance of the less intense 
beams, we obtain the average operation fidelity in zone 
B1 (the location of the more intense beams) due to this 
residual detuning being F = 0.9998 for a 'k 12 rotation 
m- This effect could be reduced by better equalization 
of the beam intensity, both through improved focussing 
and by the use of in-vacuum mirrors. 

The use of co-propagating beams has the significant 
advantage that the difference wave vector is close to zero, 
which minimizes the first-order Doppler shift. In our cur¬ 
rent setup the two Raman beams are generated by pass¬ 
ing each through a separate optical path, and combining 
them on a beamsplitter. We notice that even small mis¬ 
alignments lead to a differential Doppler shift (a relative 
angle of 10“^ degrees gives a Doppler shift of around 


400 Hz for a velocity of 10 ms“^). We minimize this by 
performing two frequency scans, where the transport di¬ 
rection of one of two ions is reversed between each scan, 
and adjust the beam alignment to null out the corre¬ 
sponding change in the resonance frequency. However 
residual effects remain, which we think causes the resid¬ 
ual skew of the data in Fig. The use of common 
optical fibers for both Raman beams would alleviate this 
problem Eniin]- 

The contrast of operations performed using transport 
gates is the same as for our standard pulsed static gates to 
within experimental error, which indicates that the trans¬ 
port itself does not produce a detectable additional error. 
In our current setup, the population transfer from states 
‘^^ 1/2 \P = 2, mp = 2) to ^S'i /2 |± = 1, 'mp = 1) and vice 
versa produce the biggest source of error. From calcu¬ 
lations using our experimental detection time, we esti¬ 
mate the static-ion transfer pulses to have a fidelity of 
around 99.2%. Better characterization of the transport 
gates themselves could be performed using randomized 
benchmarking [23]. 

Transport-based quantum logic gates provide signifi¬ 
cant advantages for scaling up ion trap quantum proces¬ 
sors. Waveforms applied to the trap electrodes could 
in the future be performed using in-vacuum electron¬ 
ics, and possibly integrated into the trap structure it¬ 
self through the use of CMOS or other well-established 
technologies [23]. This would shift the control challenge 
from bulky optical setups to the well-developed field of 
micro-electronics, which has proven scalability. The use 
of recycled laser beams to address ions in many parts of a 
trap array would optimize the use of laser power, which is 
a precious resource since lasers are expensive and bulky. 
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